Studies on cross-modal interaction have demonstrated attenuated as well as facilitated effects for both neural responses as well as behavioral performance. The goals of this pilot study were to investigate possible cross-modal interactions of tactile stimulation on visual working memory and to identify possible neuronal correlates by using functional magnetic resonance imaging (fMRI). During fMRI, participants (n = 12 females, n = 12 males) performed a verbal n-back task (0-back and 2-back tasks) while tactile pressure to the left thumbnail was delivered. Participants presented significantly lower behavioral performances (increased error rates, and reaction times) during the 2-back task as compared to the 0-back task. Task performance was independent of pressure in both tasks. This means that working memory performance was not impacted by a low salient tactile stimulus. Also in the fMRI data, no significant interactions of n-back x pressure were observed. In conclusion, the current study found no influence of tactile pressure on task-related brain activity during n-back (0-back and 2-back) tasks.
Introduction
The ability to maintain focus on task-relevant information in the presence of interference protects our limited cognitive resources from becoming overloaded. Therefore cognitive control is needed to bridge the gap between the processing of distracting sensory information and goal-directed action [1] . Studies on cross-modal interaction, including vision and tactile sensation [2, 3] , have demonstrated inhibitory as well as facilitated effects for both, neural responses in higher sensory association and primary sensory cortices, as well as behavioral performance. Similarly, tactile stimulation of the index finger can induce the perceptual suppression of visual stimuli when tactile and visual information are spatially and temporally consistent [4] .
According to the perceptual load hypothesis [5] there are sufficient additional attentional resources available to fully process and identify the distractor in a low cognitive load task. However, in a high-load condition all resources are needed for the processing of the relevant items and therefore no attentional resources remain to process the distractor item.
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• The tactile pressure stimuli of low salience affect working memory capacity and processing negatively.
• Alterations in brain activity caused by pressure are expected to occur mainly in core regions of the ventral attention network playing a role in the bottom-up control of attention to salient stimuli.
Materials and methods

Participants
The study sample (N = 24) consisted of 12 male and 12 female healthy right-handed participants (23 ± 2.69 [mean age ± SD]; range 19-28 years) with normal or corrected-to-normal vision and no history of neurological or major psychiatric disorders like psychosis or substance abuse. All participants were German native students at the University of Muenster, Germany.
To control for possible effects of psychopathology on the results and to rule out an effect of handedness, participants completed several questionnaires before fMRI data acquisition. These included the Edinburgh Handedness Inventory to assess handedness [25] , the German version of the Patient Health Questionnaire (PHQ)-9 [26] , a standardized screening tool for depression and the German version of the perceived stress scale (PSS) 10 [27] , a standardized instrument to measure perceived stress. All participants were classified as right-handed and none of the participants had to be excluded based on these tests. Demographical and clinical characteristics of the participants are reported in Table 1 . All participants received a 20 € compensation for their participation. Prior to participation, participants were informed about the study protocol in spoken and written form and gave their written informed consent. The study was approved by the ethics committee of the Medical Faculty of the University Muenster and the Westphalian Chamber of Physicians in Muenster (2011-030-f-S).
Experimental paradigm
The n-back paradigm was used in this study to evoke graded memory load of the relevant task [28] . In this n-back paradigm, participants are required to monitor a series of quickly changing letters. They were instructed to press the left button of a response box with their right index finger whenever a target letter appeared on the screen and to press the right button with the right middle finger if no target letter was seen. In the baseline 0-back task participants were asked to respond to the letter X as target, in the 2-back task participants had to decide whether the letter shown on the display was the same as the letter presented two trials earlier [29] . The 0-back condition is a sensory-motor control condition that requires sustained attention without working memory demand [30] . The 2-back condition represents a memory task with high cognitive load. An MR compatible stimulation device was used to apply pressure to the left thumbnail. It consisted of a plastic piston with a surface area of 1 cm 2 that can apply pressure up to a maximum of 8 kg with a pneumatic system (in-house development). Prior to the experiment inside the MR-scanner a pressure of 1 kg/cm 2 (~98 kPascal) was applied to the left thumbnail. Participants were asked to judge whether the tactile stimulus was perceived as pressure without experiencing any pain. None of the participants reported any pain. Therefore, a 1 kg/ cm 2 pressure was subsequently used for all participants during the MRI scanning as the tactile non painful pressure. The experiment started outside the scanner with a practice block of n-back tasks without any concurrent pressure stimuli. The experiment inside the scanner consisted of one run including 24 blocks; each lasting 40 seconds (s) (Fig 1) . Four experimental conditions as combinations of the memory and sensory tasks (2-back with pressure, 2-back without pressure, 0-back with pressure and 0-back without pressure) were presented six times each in a pre-randomized order. Each block started with a brief (5 s) visual information informing the participants whether the 0-back or 2-back condition was about to follow. The instruction was followed by the 16 letter stimuli each presented for 500 ms followed by 2000 ms ± jitter (range: 0-900 ms) of a gray mask to sustain the participants' attention and to prevent fatigue and habituation. The ratio of target to non-target letters presented per block was 32%, with a total of 30 target stimuli for each condition.
During the "pressure" blocks participants received continuous pressure across the entire block except for the first letter. During "no pressure" blocks no pressure was applied. This resulted in a total of 12 "pressure" blocks (6 of 0-back task, 6 of 2-back task) and 12 "no pressure" blocks, using the restriction to not present more than 2 pressure blocks consecutively to minimize the effects of expectancy and habituation.
Pressure intensity ratings were made after each block with a visual analog rating scale (VAS) with three items (no pressure, pressure, and pain) shown on the screen (7.5 s) in which the subjects moved the bar to the appropriate point on the scale using a button box (Fig 1) . All visual stimuli in current study were delivered using the Presentation Software (Version 16.5, www.neurobs.com). Reaction time to letters, total numbers of correct responses, and errors were recorded.
Image acquisition
The fMRI experiment was conducted in a 3 T scanner (Magnetom Prisma fit , Siemens Medical Systems, Erlangen, Germany) using a standard 20-channel head coil. T 2 � -weighted functional images were acquired using a standard single-shot, gradient echo-planar imaging (EPI) pulse sequence sensitive to blood oxygenation level dependent (BOLD) contrast with imaging parameters of repetition time (TR) = 2500 ms, echo time (TE) = 30 ms, flip angle = 90˚, field of view (FOV) = 220 mm 2 with a 74 × 74 data acquisition matrix. Each volume consisted of forty five adjacent axial slices with a slice thickness of 2.7 mm and 11% gap, resulting in a voxel size of 3×3×3 mm 3 . Images were acquired in interleaved order -25˚angulated the AC-PC (anterior and posterior commissures) plane in order to capture the whole brain. A run consisted of 549 successive brain volumes. Parallel acquisition (SENSE, acceleration factor = 2) was used, trading gray-white contrast for a reduced acquisition time.
A high-resolution T 1 -weighted anatomical image was additionally acquired using a standard Siemens 3D magnetization-prepared gradient echo (MPRAGE) sequence with cubic voxels of 1 mm 3 edge length, TR = 2130 ms, TE = 2.28 ms, inversion time = 900 ms, flip angle = 8d egrees, FOV = 256 mm 2 , 256 × 256 matrix and 192 slices, parallel imaging with GRAPPA (parallel imaging factor = 2). MPRAGE scans were acquired for each participant directly after functional imaging for the purpose of co-registration during image preprocessing.
Data analysis
Behavioral data and performance of the n-back task. The percentage of errors was calculated as a measure of error rates (ERs). The mean reaction times (RTs) were used as a measure of response speed (excluding RTs of the first response of each block for the first letter, incorrect responses, anticipated responses (RT<150 ms), and missed responses). The RTs and the ERs were compared using a repeated measure 2-factorial analysis of variance (ANOVA) with memory load (2-back vs. 0-back) and pressure (with vs. without tactile stimulation) as within-subjects factors.
All statistical analyses investigating behavioral measures were assessed using Predictive Analytics Software SPSS (IBM Corp. Released 2013. IBM SPSS Statistics for Windows, Version 22.0. Armonk, NY: IBM Corp.).
Preprocessing and statistical analysis of fMRI data. A total of 549 volumes were obtained for the fMRI run. The first five volumes were discarded from the data set and not analyzed in order to avoid equilibration effects. FMRI data was preprocessed and analyzed using Statistical Parametric Mapping software packages (SPM 8; Wellcome Centre for Human Neuroimaging, London, UK) running under Matlab 10 (Mathworks, Sherborn, MA, USA). Preprocessing steps included realignment (motion correction) with the rigid-body transformation matrices (realignment to the first volume), slice-timing correction, co-registration to a structural T1 image, spatial normalization to the Montreal Neurological Institute (MNI) template (standard EPI template) and T1 generating 2 x 2 x 2 mm resolution images and smoothing with an isotropic Gaussian kernel of 8 mm 3 full width half maximum (FWHM). The six realignment parameters obtained during preprocessing were selected as first-level covariates to control for movement-related artifacts. The general linear model (GLM) in SPM 8 was used to perform a statistical analysis of the BOLD signals with a canonical hemodynamic response function as well as its time and dispersion derivatives. A 128 s high-pass frequency filter removed low-frequency drifts and physiological artifacts in the BOLD signals. A first-level model was implemented for each participant by compiling all blocks for each condition respectively. For each individual, four contrasts: 0-back with and without tactile stimulation and 2-back with and without tactile stimulation were calculated and submitted to a second-level random effects ANOVA to test for significant differences in brain activity. The following factors were analyzed by a 2-factorial ANOVA in the 'full factorial' design option in SPM 8: the dependent within-subject factors tactile stimulation (with and without tactile pressure) and memory demand (2-back and 0-back) resulting in a 2x2 design. According to our hypotheses the main effects of memory demand (n-back), tactile stimulation (pressure) as well as the interactions between the factors (pressure x n-back) were assessed. Significant main effects and interaction were further analyzed by differential post-hoc analyses.
Anatomical localization of activated brain regions for all analyses was determined by reference to the standard stereotaxic atlas by MNI and labeled following the nomenclature of the Automated Anatomical Labeling (AAL) atlas [31] .
In this pilot study, all statistical maps were reported at voxel-level (p < 0.05, family wise error (FWE) [32] corrected for multiple voxel comparisons and using a spatial extend threshold of 20 voxels. For illustration, the significant clusters were overlaid on a standardized anatomical MNI-normalized template (Colin_27_T1).
Results
Behavioral results
To assess whether the tactile stimulus was sufficiently salient to be perceived, participants were asked to rate the tactile stimulation after each block. The analysis of the ratings showed that participants were able to distinguish 90% of the tactile stimuli to either the pressure or nonpressure condition correctly. There was no significant effect of n-back (F ( Table 2 . We found a significant main effect of memory load on reaction times (F ( Table 3 .
fMRI results
Main effects of n-back and pressure (Table 4) were observed. The post-hoc analysis revealed that the n-back main effect was related to a higher activity during the 2-back task compared to the 0-back (contrast: 2-back>0-back) with activities in the left inferior parietal lobule (Brodmann Area (BA) 39/40), right middle frontal gyrus (dorsolateral prefrontal cortex (DLPFC) (BA9/46)), insula and cerebellum bilaterally (Table 5 , Fig 2) . These regions are related to an increase in activation with increased task difficulty (2-back>0-back) within a fronto-parietal executive and salience networks. Areas that decrease their activity with task difficulty (0-back>2-back) include the default mode network (DMN).
The significant main effect of pressure can be explained by increased activity of the contralateral postcentral gyrus and the rolandic operculum during tactile stimulation in contrast to blocks without stimulation (contrast: pressure>no pressure) ( Table 6, Fig 3) . The interaction nback x pressure was not significant.
Discussion
The goal of this fMRI study was to investigate the possible influence of low salient tactile stimuli (pressure) on performance and related brain activity in a working memory task. To do so, healthy participants were asked to perform a visual n-back paradigm (0-back, 2-back) combined with pressure as a sensory stimulus. 
Behavioral results
In line with the results of previous studies [30] , the high load task (2-back) was significantly more cognitively demanding than the 0-back task: Participants responded significantly slower and made more errors in the 2-back compared to the 0-back task. The 0-back condition is a sensorymotor control condition that requires sustained attention, but no working memory demand (no memory load) [30] . The error rates and reaction times of our participants were comparable to other studies [30, 33, 34] . Tactile stimulation was sufficiently salient in our participants. Over 90% of the stimuli were assigned correctly to the presence of pressure or non-pressure ( Table 2 ). The behavioral analyses of reaction times and error rates in the n-back task showed that these tactile stimuli of low salience did not affect working memory performance. Performance of the n-back task was comparable with and without tactile stimulation under high as well as under no memory load (0-back) ( Table 3) . It may therefore be feasible to assume that the tactile stimulation was salient in participants but did not compete with cognitive processing. There are sufficient attentional resources available to identify and fully process the n-back task despite tactile stimulation.
fMRI results
The BOLD findings confirmed previous results of brain activity for verbal n-back tasks [35, 36] as well as for processing of tactile stimuli [37] [38] [39] [40] . Brain activity was in line with previous literature (Tables 3-5 , Figs 2 and 3) . Our fMRI results revealed fronto-parietal and subcortical neural activation patterns corresponding to working memory load [41] . This was supplemented by significantly higher error rates and reaction times with 2-back task, which confirmed the successful manipulation of n- Table 5 . Post-hoc tests to analyze the main effect of n-back. Activations from significant clusters for contrast 2-back>0-back and 0-back>2-back (t-contrast). Activations were thresholded at a whole-brain FWE corrected p < 0.05 with an extent threshold of 20 voxels. The MNI Coordinates are the same as peak voxel locations. back task. The fMRI activations of the fronto-parietal network corroborated previous findings of brain activity when using this visual working memory task [36, 41, 42] . Our results were also in line with studies reporting increased activation in regions that are responsible for maintaining and processing verbal information in healthy participants. The higher activity of the middle frontal gyrus (MFG) may reflect higher cognitive demands when performing the 2-back task, it could also reflect stronger top-down mediated effort. The 2-back task may increase attention and engage working memory, thus leading to greater activity of the MFG, as reported in our study. The DLPFC as a part of MFG is associated with cognitive control in relation to top-down goals and bottom-up sensory stimulation [1, 43] . The activity of right MFG has been shown to be correlated with the activity of both attention networks [44] and has been reported as a region for linking the dorsal with the ventral attention Table 6 . Post-hoc tests to assess the main effect of pressure. Activations from significant clusters for contrast pressure> no pressure (t-contrast), activations were thresholded at a whole-brain FWE corrected p< 0.05 with an extent threshold of 20 voxels. The reverse contrast "no pressure > pressure" yielded no significant results. The MNI Coordinates are the same as peak voxel locations. network [45] . Participants displayed greater activity in the inferior parietal gyrus that is hypothesized to play an important role in maintaining attention and responding to salient stimuli [46, 47] . Our results corroborated previous findings that the postcentral gyrus and the rolandic operculum are involved in brain activity evoked by tactile stimulation [38, [48] [49] [50] . The human somatosensory system includes the primary (SI) and the secondary somatosensory cortices (SII), with SI is located in the postcentral gyrus in the anterior parietal lobe. Previous results suggested the involvement of SI in more perceptual aspects of tactile stimulus recognition [51] .
Contrast
The mechanical stimulation on the left thumbnail resulted in activation of the right postcentral gyrus. This was opposite to the stimulation site and consistent with the data on tactile thumb stimulation. The thumb mapping is located more laterally in S1 [52] . This finding is also consistent with previous human neuroimaging research on the somatotopic location of the hand within SII [53] [54] [55] . Functional neuroimaging studies reported activation in postcentral gyrus (presumably SI), parietal operculum (presumably SII) in response to vibro-tactile stimulation on the hand [48] .
Some studies have reported enhanced activity in SI when tactile stimulus is made relevant to performance of a task [56, 57] , but other studies have not found a task-relevant modulation within SI [49, 58] . The findings of task-relevant and cross-modal modulation of SI suggest that both relevance and modality of stimuli can affect the excitability of the sensory cortex. Furthermore, some studies have provided evidence that both SI and SII are modulated by tactile spatial attention processing [59, 60] . However, another study described no attention effect for SI, whereas SII seemed to play an important role in somatosensory attention irrespective of stimulus characteristics [61] . Results from previous studies suggested that SII is involved in tactile processing [38, 49, 50] and that higher level of tactile processing enhances activation in the parietal cortex including the somatosensory cortex [62, 63] .
Another aim of this study was to assess whether the presence of tactile pressure impacts the processing and related brain activity in a working memory task and how higher visual working memory load will impact the tactile task. We did not observe any interaction of n-back x pressure, indicating that the load seems to have no influence on cross-modal processes. This is in line with several studies also showing no influence of various loads on cross-modal processing and multisensory integration [10, 12] . This finding can also be explained by the 'automaticity theory' [64, 65] , i.e. the assumption of automatic cognitive processing without requiring attention resulting in insensitivity to load manipulations in the secondary task processing [8, 66] .
Limitations and future directions
The study sample of 24 participants with 12 female and 12 male young medical students is rather small and homogenous. Consequently, this study needs to be considered a pilot study to investigate potential differences in brain activity in response to tactile stimulation during a visual working memory task. The number of participants might have been too small to measure subtle differences.
In contrast to our assumptions and in line with the behavioral results we could not observe any above-threshold clusters for the interaction of n-back x pressure. One might argue that the tactile salience in our paradigm was not sufficient to compete with the task demands. However as the participants were able to assign 90% of the tactile stimuli to either the pressure or nonpressure category correctly, is it feasible to assume that the tactile stimulus was above threshold-level. Therefore, the absence of absent interaction with pressure x n-back cannot be explained by low salience of the pressure stimulus. However, using constant tactile pressure stimulation in a block design is of risk for a fast adaptation to this stimulus [67] . In this way, the onset of tactile pressure occurrence can be detected in order to report a pressure block, but will not remain an effective distractor during the course of the visual n-back stimulus sequence, with likely effects to both, behavioral performance and brain activity. Therefore, the negative results could also be caused by the experimental limitations due to a possible fast reduction of the tactile salience due to sensory adaptation during the course of a single pressure block [67] . Possible experimental improvements for further directions could be providing randomized tactile pressure trials instead of pressure blocks and analyzing the data according to the expected tactile pressure adaptation (i.e. considering only the first trials after pressure onset).
It may also be argued that in our group of participants the 2-back task was not difficult enough to fully harness the shared resources in the brain. This cannot be ruled out completely, even though our behavioral results clearly showed differences between 0-back and 2-back pointing to a higher memory load of the 2-back task. However, a more difficult cognitive task like the 3-back task, which was not included in the present study, might be able to reveal different effects of distractors by requiring higher cognitive loads.
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